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Introduction
Milford Haven Waterway is a ria-type estuary, part of the Pembrokeshire Marine Special Area of Conservation (Burton 2006 ). The Haven is fully marine for 12 km, to the confluence of the Pennar River ( Fig. 1) , with a shoreline of >100 km. The Daucleddau-the common Estuary of the Eastern and Western Cleddau Rivers-also has a marine influence for much of its length because of the small freshwater ingress relative to the tidal incursion (Nelson-Smith 1965) .
Despite its important conservation status, MHW is subjected to contaminants from various sources including Eastern and Western Cleddau Rivers, industry, waste-water discharge, diffuse inputs associated with landfill leachate, urban development, agricultural run-off and atmospheric deposition. Maritime operations and pollution incidents (hydrocarbons and antifouling), dredging and spoil disposal add to this inventory (Atkins 2005) . Milford Haven handled >50 M tonnes shipping in 2009, supplying, among other cargoes, 25-30% of the UK's petrol, diesel and liquefied natural gas. Contamination by biologically deleterious substances has implications for the 'favourable condition status' of the site and other conservation objectives. Potential sensitivity and impact on fauna, at its most extreme, was highlighted by the 'Sea Empress' oil spill, in the mouth of MHW, in February 1996 (Nikitik and Robinson 2003) .
Milford Haven has been a major oil terminal since the 1960s and has received chronic releases of hydrocarbons (<250 tonnes pa) from various routes including refineries, power stations, shipping, road run-off and small-scale domestic sources. These inputs are mostly dispersed along the waterway in association with suspended particulates Nikitik and Robinson 2003) . The loss of 72,000 tonnes of light crude oil and 480 tonnes of heavy fuel oil from the Sea Empress represented a significant departure from this trend, though less than 15,000 t (as emulsion, containing approximately one third oil) are estimated to have reached the shoreline and only a fraction of this entered the Havenvisually noticeable as far upstream as Pembroke (SEEEC 1998; Nikitik and Robinson 2003) . Thus, whilst some water-borne hydrocarbon residues were dispersed along considerable stretches of MHW, heaviest contamination of sediments occurred predominantly in the lower reaches, with relatively little retained in the Cleddau Estuaries (Nikitik and Robinson 2003) . Prior to this (and more recently), total hydrocarbon levels in fine sediments generally displayed a gradient increasing toward the upper estuary, and included components of both pyrogenic and petrogenic origin. The higher values upstream are presumed to reflect up-estuary transport and deposition of fines in this flood-tide dominated system, though extreme hydrodynamic events may recycle, episodically, some of these contaminant sinks (McLaren and Little 1987; Little and McLaren 1989; Little 2009 ).
In the immediate aftermath of the Sea Empress spill, characterisation of polyaromatic hydrocarbon (PAH) composition illustrated the presence of both fuel oil and crude oil in the intertidal of the lower estuary (Swannell et al. 1997 ), a feature subsequently confirmed (for crude oil) using source-ratio plots of reworked data from the midestuary (Little 2009 ). However, only a few months post-spillage, oil residues in sea bed sediments were more indicative of pyrogenic than petrogenic origin, closely resembling those found prior to the spill, in terms of composition and concentration (Levell et al. 1997) .
Sediment 'hotspots' in Milford Haven >100,000 μg PAH kg −1 dw, reported by Woodhead et al. (1999) , exceeded the Threshold Effects Level (TEL) of 1,684 μg kg −1 and also the Probable Effects Level (PEL) of 16,770 μg kg −1 implying ecotoxicological significance. However, until the accident, there was little monitoring of bioaccumulation or biological effects to quantify the baseline 'health' of populations, against which actual deleterious change could be gauged.
Biological impact studies after the Sea Empress suggest varying degrees of deleterious effects, though in most cases recovery appears to have been complete within 5 years. Shellfish, including limpets (Patella spp.), winkles (Littorina spp.), razor shells (Ensis ensis), trough shells (Mactra corallina) and cockles (Cerastoderma edule) were subjected to mass mortalities in oiled areas, though mussels (Mytilus edulis) were relatively tolerant to oiling and were only acutely affected in areas sprayed with dispersants and beach-cleaning agents. C. edule populations were the only commercial shellfish to suffer major mortalities but recovery appears to have been rapid, albeit fluctuating in scale (Rostron 1998) . Our own observations in 2007/8, a decade after the spill indicate fairly abundant populations of mussels and cockles (and other bioindicator species) in MHW, upstream as far as Black Tar (Fig. 1 ).
1
Cellular biomarkers revealed genotoxic responses in some fish species following the spill, though not in mussels (Law et al. 1998; Harvey et al. 1999) . Immunosuppression in mussels was, however, severe immediately after the accident, but recovery followed a few months later (Dyrynda et al. 2000) . Reduction of the immune responses phagocytosis and intracellular superoxide production (both defence mechanisms for killing infectious agents) were correlated with mussel body burdens of oil-derived (and to some extent combustion-derived) PAHs; extra-cellular superoxide production was more specifically related to oil-derived PAHs.
Reduction in the physiological stress response scope for growth was also recorded in mussels in 1996 and 1997, much of which was attributed to PAHs and, to a lesser extent, organotins, though the authors suggested that other 'unknown' compounds may have also contributed to effects (Widdows et al. 2002) . Of all Irish Sea sites surveyed by this group, PAH concentrations were highest (>20,000 μg kg −1 dw) in mussels from MH, sampled 6 months after the oil spill. By the following year (1997), concentrations had 1 Our subsequent survey in 2010 showed distributions of M. edulis and C. edule extending further upstream-to the confluence of Eastern and Western Cleddau. However, indications were that cockles were less abundant in MHW in 2010 than in 2008, coinciding with reduced numbers described elsewhere in the region, particularly the Loughor Estuary, S Wales. declined ∼66%, but were still relatively high (4,000-7,800 μg kg −1 ).
2
Bioassays indicated reduction in feeding activity in lugworm Arenicola marina exposed to some MH sediments, though acute toxicity was not observed (Law et al. 1998) . At the community level, numbers of sensitive amphipods were reduced following the spill, accompanied by increases in opportunist polychaetes (e.g. Capitella) in the Middle and Lower Haven. Diversity had recovered to varying degrees in different parts of the Waterway by 2000, though abundances were generally still low (Nikitik and Robinson 2003) .
Port activity in MH is likely to increase in coming years, and a rise in contaminant-related pressures is anticipated: hence the need to establish a long-term monitoring programme to ensure that unacceptable deterioration does not occur as a result of anthropogenic events. Bioaccumulation surveillance will help industry and statutory agencies (Milford Haven Port Authority, Environment Agency, and Countryside Council for Wales) fulfil their environmental protection responsibilities.
Biomonitoring is a valuable addition to the tools used to gauge contamination (water quality analysis, toxicity testing and ecological survey) because it provides a direct measure of the bioavailability of contaminants. Bioaccumulation is not only an important component of environmental quality assessment but also, for commercial species, can have implications for human health. Shellfish gathering in MHW is currently mainly small-scale-for mussels, winkles, cockles, clams, oysters and razor fish, though demand is likely to increase. Limited seaweed harvesting occurs, primarily for the making of laver bread It may seem most relevant to base biomonitoring on species consumed by humans. However, there are other considerations, stemming from the fact that each contaminant class has unique characteristics and different organisms accumulate them from a variety of sources, adopting diverse accumulation strategies. Consequently, there is no universal indicator organism and the most use-2 More than an order of magnitude above those in the current survey ful monitoring programmes include analyses of several species, preferably of differing ecological types (primary producer, detritivore, herbivore, filter feeder). Selection of indicators should be appropriate to the chemistry and form (e.g. dissolved, particulate and dietary) of contaminants of concern. By integrating results for several species a broad appraisal of impact is obtained. The selection of species in the current project represents an appropriate blend, i.e. seaweed Fucus vesiculosus (dissolved contaminants); winkles Littorina littorea (grazer); mussels M. edulis and cockles C. edule (suspension feeders that accumulate from both dissolved phase and suspended particulates); and ragworm Hediste diversicolor (an omnivore which often strongly reflects bioavailable contaminants in sediment) (Bryan et al. 1985; Langston and Spence 1995) .
A similar rationale was adopted by the Environment Agency in earlier bioaccumulation surveys in Wales (Davies and Ellery 1995) which, though limited (Fucus and Mytilus, two sites), represent the only long-term bioaccumulation data for the Haven. Continuation of this strategy, including similar species and sites, provides an opportunity to establish whether there has been improvement or deterioration in contamination levels, as well as providing a contemporary baseline against which future change can be gauged.
In the context of detecting environmental change, and to make data comparable with other surveys, we have also made efforts to minimize the effects of biotic factors such as seasonality and size (Bryan et al. 1985; Langston and Spence 1995) . For metals and tributyltin (TBT), we have contextual data for most estuaries in Wales and England. Harmonised sampling routines have thus facilitated nationwide comparisons and the achievement of other major objectives of the current study: namely, to establish a rigorous bioaccumulation programme that offers wide coverage within MHW for a range of contaminant classes; to assess current ecotoxicological status, and to provide benchmarks for assessing future trends. We have also tested the value of integrating measures of biological and biochemical condition with bioaccumulation data, using factorial analyses (principal component analysis, PCA), in order to differentiate sites in terms of environmental quality. Biota were returned live to the laboratory, cleaned-up and depurated (Bryan et al. 1985) in preparation for freeze-drying and analysis. Organism size, wet and dry weights were recorded. Condition indices (CI) for bivalves describe the relationship between tissue dry weight and the organism total size. High CI values are considered an integrated signal of better 'health' status. The condition index used was CI 4 as defined in Lundebye et al. (1997) Bryan et al. 1980 Bryan et al. , 1985 Langston et al. 1994b ). Metals were analysed in all (Langston et al. 1994b ). Digests were analysed by Flame Atomic Absorption (Varian AA20), or, where concentrations were low, by Graphite Furnace AA (Varian 300). Hg and Se were analysed by cold vapour and hydride generation systems (Varian VGA-76), respectively. To prepare samples for As and Sn analysis, 5 ml ashing slurry (6% magnesium nitrate, 10% magnesium oxide) were added to subsamples of the freeze-dried homogenate; these were ashed in a muffle furnace and dissolved in 10 ml HCl prior to analysis by hydride generation AA. Quality assurance included the use of the Certified Reference Materials DORM-2, LUTS-1 and IAEA-140 (seaweed), ensuring that determinations fell within the confidence intervals of the assigned values. Detection limits for metals ranged from 0.01 μg g −1 dw (Sn) to 0.1 g g −1 dw (Cu, Zn).
Materials and methods

Sampling
Biometric and contaminant data were input to Microsoft Excel spreadsheets. Statistical analyses were performed using Statistica (Statsoft Corp.). Maps for contaminants, e.g. metals in M. edulis, shown in Fig. 2 , are generated using our own programme (Langston et al. 1994a) . Maps for this and other species and determinands are also provided as electronic supplementary material (Figs. A-G in the Online Resource ESM_1.pdf). Metals data were interlinked to a larger MBA database (Langston et al. 1994a) and to place MH results into context, MH data were ranked in comparison to the rest of the UK, expressed as percentiles for all species. MH metals data below the lower quartile value (lowest 25% of UK values) are plotted as green bars in electronic supplementary maps, red (black in printed journal format) if above the upper quartile (highest 25%). Values in the mid range (25-75th percentile) are plotted as grey bars.
Organotins
Analysis of monobutyltin (MBT), dibutyltin (DBT), TBT and monophenyl-, diphenyl-and triphenyltin (MPT, DPT, TPT) in M. edulis and H. diversicolor was based on methodology in Harino et al. (2005) . Tissues, including aliquots spiked with standards, were extracted with 1 M HClmethanol/ethyl acetate, combined with saturated NaCl and extracted with ethyl acetate/hexane. Analytes were ethylated with NaBEt 4 , saponified with 1 M KOH-ethanol, transferred to hexane and cleaned-up on florisil. Following elution with 5% diethyl ether/hexane, tetrabutyltin (TeBT)-d36 and tetraphenyltin (TePT)-d20 were added as internal standards. Analysis involved separation of OTs by gas chromatography (HewlettPackard 6890) equipped with mass spectrometer (5973 N) for detection, using selected ion monitoring. Concentrations of OTs are expressed as Sn 4+ . Recoveries of BT and PT were 98-113% and 89-105%, respectively. Detection limits were ∼0.001 mg kg −1 .
Polyaromatic hydrocarbons (PAHs)
Seventeen PAHs were assayed in M. edulis and H. diversicolor, ranging from 2 ring naphthalene and 1-methyl-naphthalene (petrogenic), to six ring PAHs benzo(ghi)perylene and indeno(1,2,3-cd)pyrene, of probable pyrogenic origin . Freeze-dried samples were extracted with acetonitrile and tetrahydrofuran (THF), aided by sonication. Clarified, filtered extracts were analysed by HPLC (gradient programming) equipped with scanning fluorescence detector (see Vane et al. 2007 for details). Quality control was achieved by subjecting a well-characterised, lowlevel PAH proficiency-testing marine sediment (Quasimeme-QPH048MS) to the above procedure. Three QCs and three procedural blanks were conducted at intervals throughout the analysis of the samples (duplicates). Limits of detection for PAHs ranged from 0.1 to 0.7 μg kg −1 . 
Polychlorinated biphenyls
The ICES 7 PCB congeners, CBs 28, 52, 101, 118, 138, 153 and 180, were determined by GCMS. Freeze-dried samples and CRMs were spiked with internal standards (CBs 019, 034, 062, 119, 147, 131 , and 173 at 1.4-2.5 ng g −1 in hexane). The CRM was BCR-718 and the procedural blank was inert hydromatrix dispersant.
Samples were extracted by Dionex 200 accelerated solvent extraction system. Stainless steel extraction cells (33 ml) were filled with sample, 2-3 g Cu powder and hydromatrix. Extraction conditions were: solvent acetone:hexane (1:1), temperature 100
• C, pressure 2,000 psi, heat-up time 1 min, static time 8 min, flush volume 120%, purge time 60 s, total solvent used 37-44 ml per sample.
During clean-up, acetone was removed by mixing the extract with de-ionised water. The fattyemulsion in the organic fraction was broken-down by concentrated sulphuric acid (10 ml). The aqueous/organic phases were allowed to separate; the organic phase was reduced to 8-10 ml and dried with anhydrous sodium sulphate.
Interferences were removed using backextraction with dimethylsulphoxide (DMSO). DMSO fractions were mixed with de-ionised water, extracted with n-hexane, reduced and dried. A recovery standard was added (PCB029 and PCB157, 0.40 ng g −1 in hexane) and reduced to 0.2 ml using nitrogen.
GCMS analysis was performed using Varian CP-3800 GC fitted with a Factor Four column. Mass spectrometry (Varian 1200L) was by selective ion monitoring. The limit of detection was 0.5 ng g −1 . In contrast to metals, extensive UK contextual data are not available for organic contaminants and MH data have been compared with OSPAR Guideline values. For TBT and PCBs, OSPAR Environmental Assessment Criteria (EAC) in mussels have been used as generic benchmarks (OSPAR 2000 (OSPAR , 2004 . The OSPAR scheme identifies two types of EAC: (1) "lower" concentrations, below which it is reasonable to expect that there will be an acceptable level of protection from chronic effects (green bars in maps for TBT and PCBs shown here and in electronic supplementary material (Online Resource ESM_1.pdf); and (2) EAC "higher"-concentrations above which it is reasonable to expect acute toxic effects on marine species (plotted as red bars in maps). The concentrations in between these upper and lower EAC values indicate sub-lethal effects cannot be ruled out (plotted in grey). Black bars are used where reference values have not been set for a particular contaminant.
The lower and higher OSPAR EAC for TBT (mussels) are 0.012 and 0.175 mg kg −1 wet weight, respectively (OSPAR 2004) . The lower and higher OSPAR EAC for ICES7 chloro-biphenyls (CBs) in mussels are 0.75 and 7.5 μg kg −1 wet weight, respectively-equivalent to 5 and 50 μg kg −1 dw (OSPAR 2000; NMMP 2004) .
For PAHs, contextual appraisals of body burdens (mussels) have been made by comparing values with OSPAR 3 'Background Concentra-
tions' (BC-concentrations expected at undeveloped sites) and 'Background Assessment Criteria' (BAC-above which concentrations are considered to 'exceed background'; see Table A 
Biomarkers
To demonstrate a possible way forward for future evaluation of MHW, in terms of better integration of environmental and biological 'health' data, we have trialled two 'biomarkers' in musselsmetallothionein (MT, considered a measure of response to certain metals and metalloids such as Cd, Cu, Hg, Ag, Pb and Se (Amiard et al. 2006) ) and TOSC (total oxyradical scavenging capacity-a measure of oxidative stress, including that induced by contaminants). A sub-sample of eight M. edulis samples collected for contaminant analysis were dissected into gills and digestive glands. Each sample was "flash-frozen" with liquid nitrogen in an Eppendorf tube, stored at −70
• C, and processed as described by Chesman et al. (2007) . Metallothionein (in gills) was determined by differential pulse polarography (DPP) using a PARC model 174A analyser, and a PARC/EG&G model 303 static mercury drop electrode. TOSC (in digestive gland) was determined by measuring the suppression of ethylene formation in a system containing the peroxyradical generator 2,2 -azobis-amidinopropane dihydrochloride and a labile substrate α-keto-γ-methiolbutyric acid (Chesman et al. 2007) .
Results
Metals
Maps of metal concentrations in M. edulis from MHW are shown in Fig. 2 However, it is possible to make some broad observations regarding bioavailability. Thus, in all species, Milford Haven body burdens were generally higher than those in the Tywi Estuary: the latter appeared to be a suitable regional estuarine reference site for most contaminants. One of the few exceptions concerns the slightly higher Mn burden in H. diversicolor at the upper Tywi sediment site (Fig. C , Online Resource ESM_1.pdf). This may reflect local sediment pore water conditions, particularly lower salinity (i.e. this apparent anomaly may be due to natural factors rather than contamination).
For the majority of metals-species combinations, concentrations in MH biota were at the lower or middle part of the UK range ( Fig. 2; and as green and grey bars, respectively, in Figs. A-E in Online Resource ESM_1.pdf).
Exceptionally, metal concentrations in taxa of MHW were consistently at the higher end of the UK range (within the upper 25% of values, as represented by red bars in maps). These included As and Se in molluscs and seaweed. Also, elevated levels were sometimes observed for individual sites/species: namely, Mn (molluscs, seaweed), Co (mussels, seaweed), Sn (bivalves), Ni (cockles) and Fe (ragworm).
Increases in metal bioavailability at upstream sites were evident occasionally, which may reflect the influence of geogenic or other land-based sources. As with the example of Mn in H. diversicolor from the upper Tywi, above, this pattern may be enhanced by lower salinities upstream (greater proportions of more bioavailable forms and less competition from chloride complexation). The strongest axial gradients were for Cd (bivalves), Co (molluscs, seaweed), Mn (bivalves, seaweed), Ag, Ni (bivalves, ragworm, seaweed) and Sn (cockles, winkles). There was little indication of raised metal bioaccumulation in the lower part of MHW.
It is, perhaps, simplistic to generalise further over the status of metals in biota from the Haven but, by averaging percentiles across the range of species used, an overview of rankings (for maximum, minimum and mean values in the waterway) can be derived for each metal, in the context of UK ranges (Fig. 3) . The major features from this data treatment are that: (1) the upper concentrations of As and Mn at MH sites, averaged across all five study species (max percentiles, black bars in Fig. 3 ), indicate that bioaccumulation is consistently high in UK terms (>80th percentile). Upper values for Co, Fe, Ni, Se and Sn were >50th percentile. (2) Mean levels in MH biota (grey bars, Fig. 3 ) were also >50th UK percentiles for As, Mn and Se, confirming a widespread degree of contamination with these elements throughout much of the estuary. For most other metals, mean levels were close to, or below, the 25th UK percentile. (3) Minimum concentrations in MH biota-usually at seaward sites-were within the lowest 10% of UK concentrations in most cases (white bars, Fig. 3 ) and can be considered close to background. Exceptions were As, Mn (Se, Fe) implying some enrichment above background for these elements, even in the least contaminated parts of the Haven.
There is a broad similarity in the spatial patterns of metal bioaccumulation with earlier descriptions of sediment metal distributions, in that highest sediment concentrations tended to be found upstream, whilst minimum values were generally those at the mouth of MHW (Smith and Hobbs 1994) . Small inputs of metals may occur along much of the waterway, from sewage and industrial sources, though natural concentrating mechanisms (e.g. adsorption on to silts and clays and tidal pumping) can result in net transport of the more contaminated fines towards the head of the estuary (McLaren and Little 1987; Little and McLaren 1989; Little 2009 ). Here, they can combine with catchment sources, including a component from weathering of mineralized rocks (Cu, Pb, and Zn) and sulphide-rich coal measures (Se?). Exceptions to this geochemical trend do occur, however: anomalously high sediment metal concentrations have occasionally been observed near the mouth of the Haven (e.g. Cd and Hg), in Cosheston Pill (Hg), and elsewhere, and appear to represent confined 'hotspots'. For example, a former landfill at an industrial estate bordering Cosheston Pill (near Pembroke Ferry, Fig. 1 ) may have been responsible for localized enrichment (Smith and Hobbs 1994) .
For physiological reasons, bioaccumulated residues may not always reflect sediment metal levels. Copper, zinc and lead were considered by Smith and Hobbs (1994) to be substantially enriched in most MH sediments, partly as a consequence of anthropogenic inputs. In contrast, there were few indications of significant Cu or Zn enrichment in biota during the current study. Many organisms have essential requirements for these elements and may regulate body burdens, thus underestimating environmental contamination. Also, there is some doubt over sediment Cu values cited by Smith and Hobbs (1994) ; Little (2009) concluded that their Milford Haven Cu data may have erroneously overestimated Cu contamination, a conclusion which seems to be vindicated by the more typical Cu values found in MH sediments by others Little and McLaren 1989; Bryan and Langston 1992; Hebog 2006) . In contrast to the Pb enrichment in sediments described by Smith and Hobbs (1994) , Pb levels in most biota sampled in the present survey, were not exceptional and may reflect declining levels of bioavailable Pb from anthropogenic sources, notably following removal of alkyl lead from petrol during the last decade.
Leaving aside the uncertain Cu sediment data, concentrations of most other metals in MH sediments presented by Smith and Hobbs (1994) were, with the exception of Co, typical of UK estuaries (Bryan and Langston 1992) . Co enrichment in sediment from upstream sites in MHW may be indicative of catchment sources, probably natural in origin. This distribution was reflected in the gradient of Co bioaccumulation in mussels and seaweed in the current survey.
Estimates of pollution loads made 20 years ago indicated that relative inputs to MHW were divided equally between riverine, industrial and sewage discharges, though volumes were dominated by rivers (96%), of which the Western and Eastern Cleddau represented some 80% of total FW flow. Inputs of Cu, Pb and Zn from these two rivers were estimated at 336, 336, 1,000 kg year −1 and 381, 381, 1300 kg year −1 , respectively (Hobbs and Morgan 1992; Bent 2000) . Atmospheric discharges from the previous oil-fired Power Station at Pembroke (currently being replaced by a gasfired alternative) were estimated to be 4.4 (As), <300 (Cd, Cr, Cu), 6600 (Fe) 13600 (Ni) and 65300 (V) kg year −1 . Less than 1% of total pollutant load was estimated to come from road run-off. Contaminated land/landfill inputs and Cu, Zn leaching from antifouling are, as yet, unquantified sources.
Although an inventory of water quality data up to 2002 has been assembled (Atkins 2005) , more accurate and updated inputs budgets for selected contaminants would be useful in terms of characterising contemporary sources of bioaccumulation highlighted to be of significance here.
Published studies do not indicate exceptional metal bioaccumulation in MH biota, in agreement with the current data. Mussels, collected near Dale in 1996 and 1997 (Widdows et al. 2002) are most relevant to our survey. Taking the 1996 results as baselines, recent As and Hg concentrations were higher, by 50% and 200%, respectively. In contrast, there have been consistent declines for Cd, Ni, Se (50-100%) and, to a small extent, for Cu (∼20%).
Earlier , the Environment Agency biomonitoring with seaweeds (Davies and Ellery 1995) included analyses of Cd, Cu and Zn at Dale, Lawrenny (MH), and Ferryside in the Tywi (all sampled in the current survey). Comparisons of results (Fig. 4) show that Cd concentrations throughout the area dropped by ∼50-60% in the intervening period (comparable to trends in mussels). This reduction in Cd bioaccumulation is presumably in response to wider controls on Cd inputs (including major sources in the Severn Estuary). Copper concentrations also dropped, by ∼30%, at MH sites and by >60% in the Tywi (though the 1995 data appear to have been exceptionally high). In contrast, changes in Zn concentrations have been relatively small over the last 15 years (Fig. 4) . Future biomonitoring based on the current suggested scheme will clarify temporal trends.
TBT and other organotins
Organotin (OT) burdens in M. edulis are mapped in Fig. 5 (see also Table B in Online Resource ESM_1.pdf). Butyltin (TBT, DBT, MBT) concentrations mostly increased upstream. The exception was a relatively high value for MBT at Dale near to the mouth of the Haven. When compared with OSPAR EAC, TBT concentrations were above the lower EAC but below the upper EAC (grey bars). TBT concentrations (and other BTs) in mussels from the Tywi reference site were close to zero. Davies and Ellery (1995) The proportion of BT (TBT+DBT+MBT) present in environmental samples as the parent compound, TBT, is an indication of the relative importance of recent sources (a high proportion of TBT indicates fresh inputs). In the current MHW survey, the proportion of TBT varied from 12% at Dale to almost 50% at Pembroke Ferry (mean 31%). In contrast, mussels from the reference site in the Tywi Estuary contained <1% TBT with most of the (low) BT burden present as the The concentrations of phenyltins in M. edulis were much lower than butyltins (TPT and DPT are shown in Fig. 5 , MPT was below detection). This probably reflects the low usage of TPT as an antifouling agent, compared with TBT. Nevertheless, the pattern of TPT distribution in M. edulis closely resembled that of TBT. The proportion of total PT present as the parent compound, TPT, varied from 66-100% in MH (mean 81%), compared with 29% at the Tywi reference site. Again this implies more recent input to the MHW and that phenyl tins, though present at lower concentrations than butyltins, may persist for longer before degradation.
In their survey of mussel condition around the Irish Sea in 1996/7, Widdows et al. (2002) found that BT concentrations ranged from 'not detected' to 0.66 μg g −1 dw and were generally low at coastal sites but elevated near harbours. The highest value on the UK mainland occurred in MH mussels-from St. Ishmaels, near Dale (Widdows et al. 2002) . TBT concentrations here (0.44 μg g −1 ) were above the threshold of 0.2 μg g −1 at which uncoupling of oxidative phosphorylation, the primary mechanism of TBT toxicity, commences. The maximum TBT concentration in the current study was 0.12 μg g −1 (Pembroke Ferry). Whilst not threatening the survival of mussels, accumulated body burdens of this order would represent a challenge to the reproductive success of TBT-sensitive neogastropods such as dogwhelks Nucella lapillus. Previous surveys have indicated that TBT body burdens and imposex in N. lapillus were highest near the central and outer part of Milford Haven (where tankers moor), decreasing (with anomalies) seaward (Harding et al. 1998) . Neyland Marina, opposite Pembroke Ferry, has also previously been identified as a TBT 'hotspot', whilst upstream, TBT levels in the Cleddau were considered typical of UK estuaries (Kitts 1999; Bent 2000) . Comparison of TBT data between studies requires caution however in view of potential differences associated with methods of analysis and expression of results (Kitts 1999; Bent 2000) .
Maximum BT values in MH mussels in 1996/7 (Widdows et al. 2002) , were higher than current values: TBT and DBT concentrations at Dale are now 90% lower than those recorded by Widdows et al. (2002) at nearby St. Ishmaels. Theoretically, the global ban on TBT in 2008 should produce a further decline in TBT contamination. The current data set is therefore a timely and suitable platform to test this hypothesis and to establish the rate of recovery.
OT concentrations in ragworm H. diversicolor (Table B and Fig. F , in Online Resource ESM_1.pdf) display somewhat different spatial distributions to those in mussels for a number of possible reasons, including the fact that they live and feed in benthic sediments. Bioavailability of TBT in this phase may influence H. diversicolor body burdens to a greater extent than filter feeding M. edulis whose main source of TBT is probably overlying water (including suspended organic matter). H. diversicolor may also be better at metabolizing TBT to DBT and MBT. Thus, concentrations of TBT in H. diversicolor were on average fourfold lower than in mussels. Furthermore, some sites at which H. diversicolor were collected were slightly different to mussel sites.
In contrast to BTs, the average TPT concentration in worms was fivefold higher than that in mussels (DPT seventy-fold higher), consistent with observations that phenyltins partition more strongly towards sediment and might therefore be more available to sediment-dwelling species. Additionally, the H. diversicolor site with highest TPT (and MPT) levels, at Pembroke (Waterloo), was within Cosheston Pill-and perhaps subjected to localized sources, compared with the nearest M. edulis site (Pembroke Ferry) in the main waterway. The use of TPT in antifouling has been less extensive than TBT in the UK; however, PTs have, in the past, been used in agriculture, as pesticides and fungicides. A terrestrial source of PTs, including landfill run-off, to worm populations in Cosheston Pill, is feasible. PCBs PCB ( ICES 7 CBs) residues in M. edulis and H. diversicolor are plotted in Fig. 6 (see also Table C, Online Resource ESM_1.pdf). Concentrations in MH mussels showed an unexpected spatial trend in that highest values occurred at the mouth of the Haven and decreased upstream-where the lowest values were only slightly higher than the Tywi reference site. Manufacture and use of PCBs has ceased and it is unlikely that there are recent discharges of any significance in MHW which influence distribution. Rather, biotic factors may be involved, since PCB concentrations in mussels follow a pattern which is similar to the condition index (described below). It may be that body burdens of these lipophilic contaminants are a function of lipid reserves which would be anticipated, from condition data, to be highest in populations at the seaward end of the waterway.
Placing MH M. edulis data in perspective, PCB concentrations were an order of magnitude lower than at hotspots in the Irish Sea, such as Liverpool Bay and the Mersey Estuary (Widdows et al. 2002) . OSPAR lower and higher environmental assessment criteria (EAC) for ICES7 CBs in mussel are 5 and 50 μg kg −1 dw and all values for MHW and Tywi samples were below the upper threshold (above which effects on marine species might be expected), but exceeded the lower 'noeffects' threshold (OSPAR 2004; NMMP 2004) . EACs are, however, only guidelines to ecotoxicological impact-and may be set with overprecautionary 'safety factors'. Focused biological effects investigations would clarify actual threats to indigenous biota.
Comparison of PCB body burdens in H. diversicolor from MH and the adjacent Severn Estuary provides further context (Table 2) . Concentrations of easily metabolised, lower chlorinated congeners were relatively low in both systems: for the more persistent, highly chlorinated CBs 138, 153 and 180 (hexa-and hepta-chlorobiphenyls), and total PCBs, bioaccumulation was notably higher in the Severn (∼20-fold for ICES 7 CBs). This enrichment, relative to MH, is not unexpected since PCBs were previously manufactured at Newport, a known hotspot for contamination in the Severn catchment.
There are few comparative PCB data from earlier MH surveys to assess temporal trends. Concentrations of 25 PCB congeners (composition not stated) in mussels in 1996/7 (St. Ishmaels) were 0.009-0.013 μg g −1 (Widdows et al. 2002 )-somewhat lower than values in the current study.
PAHs
PAH concentrations in M. edulis are tabulated in Table D in the Online Resource (ESM_1.pdf). Some of the key features are illustrated in Fig. 7 and Fig. G in the Online Resource (ESM_1.pdf). For many PAHs, including 1-methyl-naphthalene, acenaphthene, anthracene, chrysene, perylene, benzo(ghi)perylene, ideno (1,2,3-cd)pyrene, benzo(k)fluoranthene, benzo(b )fluoranthene, benzo(a)anthracene and benzo(a)pyrene (latter shown in Fig. 7) , body burdens were elevated in the central and upper parts of MH and were higher than the Tywi reference site (this applies also to PAHs). Bioaccumulated concentrations of other PAHs (fluorene, phenanthrene, fluoranthene and pyrene) varied little across the sites (e.g. pyrene, Fig. 7) . Thus, distributions tended to fall into groupings which may reflect similarity in origins and chemistry.
In the context of OSPAR guidelines for PAHs in mussels, levels above background (BAC) were observed widely in MHW for phenan- . However, concentrations of other PAHs would be considered as representative of background throughout much of the waterway (e.g. anthracene Fig. 7 ). Again it is stressed that these comparisons are guidelines only, not proof of ecotoxicological status. Acute effects are not expected from the body burdens measured, though the true extent of combined sub-lethal effects from these and other compounds is unknown and requires assessment. Distributions of several PAHs in H. diversicolor were similar to those in M. edulis (Table D, in the Online Resource ESM_1.pdf); subtle differences could be due in part to localized sampling site differences between the two species and the stronger influence of sediment contamination on H. diversicolor. Species differences in the activity of enzymes which metabolise PAHs (e.g. cytochrome P450 system) will also contribute to the variation in bioaccumulation patterns. The main conclusions drawn from PAHs in H. diversicolor were that MH body burdens were typically higher than at the Tywi reference site, with enrichment most notable for naphthalene and 1-methylnaphthalene, especially upstream. Acenaphthene, fluoranthene, pyrene, benzo(a)anthracene and chrysene were characterized by elevated levels at Dale. A third group (fluorene, phenanthrene, anthracene, benzo(b )fluoranthene, indeno (1,2,3-cd) pyrene) was typified by a more even distribution across all sites, including the Tywi reference site.
Table 3 presents ratios for PAHs in H. diversicolor from MH compared with the Severn Estuary, indicating that worms from the Severn contained higher concentrations-particularly so for the higher molecular weight PAHs. Only phenanthrene was higher in H. diversicolor from MH. PAHs were on average threefold higher in worms from the Severn Estuary.
Putting a similar regional perspective on mussel data, the pattern in PAH bioaccumulation in M. edulis, typified by benzo(a)pyrene residues, also increases from MH towards the Severn Estuary, and is related to the trend in urban development along the coastline and to the delivery of PAHs from the Severn catchment (CEFAS 2000; Law et al. 1999) . PAH enrichment in mussels from the Severn, relative to that in Milford Haven, therefore mirrors the pattern in H. diversicolor.
Sources of PAHs in Severn Estuary include coalfields and oil bearing shales, combustion of fossil fuels, land run-off and the precipitation of airborne particulates. PAH concentrations in sediments in the Severn were considered moderately high in a survey of UK coastal sites conducted by Woodhead et al. (1999) , though the highest values were recorded in MHW following the Sea Empress oil spill. Correspondingly, 18 PAHs in MH mussels at that time rose rapidly to extremely high levels at sites such as Angle and Dale (26,189-100,946 μg kg −1 ww), though within 3 months these had dropped back by >90% (to 500 μg kg −1 ww), notably for oilderived PAHs-naphthalene, phenanthrene and their alkylated derivatives (Dyrynda et al. 2000) . Current PAH concentrations at Angle and Dale (18-30 μg kg −1 ww) indicate further reductions in recent years.
Pyrogenic PAHs exhibited different temporal behaviour following the grounding of the tanker Dyrynda et al. 2000) . Bioaccumulation in mussels peaked 23 days after the February spill (∼80 μg kg −1 ww), before declining close to zero in mid-summer. One year post-spill, further small seasonal (winter) peaks in combustion-derived PAHs, such as benzo(a) pyrene (BaP), indeno(1,2,3-cd)pyrene and benzo (ghi)perylene 4 were observed in mussels from Dale and Angle (up to ∼40 μg BaP kg −1 ww at the latter site), before returning to baseline levels of a few μg kg −1 (<1 μg BaP kg −1 ww in the current survey).
Similar seasonal patterns have been observed for pyrogenic PAHs in North Sea mussels affirming that PAH bioaccumulation is not always related to oil spillage, and may be influenced by biotic, physicochemical and climatic factors. The return to lower PAH levels in spring may include an element of depuration and losses during spawning (gonadal tissues are enriched in PAHs relative to other tissues), subsequent rapid growth (dilution), and perhaps increased photodegradation. Though metabolism of hydrocarbons is considered to be relatively limited in molluscs, this ability will tend to rise with seasonally increasing temperatures Dyrynda et al. 2000) . The samples taken in our survey of Milford Haven, in March, would coincide with the maximal seasonal occurrence in pyrogenic PAHs described above.
Condition indices and biomarkers
Biometric data for M. edulis and C. edule in the current survey are expressed in terms of condition indices (CI-a measure of tissue weight relative to shell length) with higher values signifying better condition (Fig. 8a, b) . Highest values in mussels were those at the reference site in the Tywi (St. Ishmael) and at Angle Bay in the lower Haven. All other samples in MHW were significantly lower than the reference site, with values generally lowest upstream. The pattern of CI in cockles (Fig. 8b) resembled the pattern in mussels: Highest values were those at the reference site in the Tywi and at Dale and Angle near the mouth of MHW; CI decreased upstream in the Daucleddau Estuary.
Correlation coefficients between CI and metals in mussels indicate several significant (negative) relationships (Table 4) with the strength of the relationship decreasing according to the sequence Pb > Se > Cu > Zn > Hg > Ni (the corresponding sequence for metals in cockles was Co > Ni > Hg = As > Se > Mn > Cu = Fe).
For mussels, it is possible to extend the range of contaminants in these comparisons to include PAHs, PCBs and organotins. The ranking of contaminants which are significantly (negatively) correlated with CI, is shown in Table 4 . Some of the more toxic (e.g. Pb, TBT, Cu, benzo(a)pyrene) appear high on this list and it is plausible that a combination of contaminants could have an influence on CI.
Results for the two biomarkers trialled in mussels provide interesting supplementary information on biochemical status in relation to both CI and chemical trends. Metallothionein (MT) is a metal-binding protein induced by-and, in polluted conditions, signifying exposure to-metal contamination (Chesman et al. 2007 ). However, because metal concentrations were not exceptionally elevated in MHW (as indicated in UK comparisons) induction of the protein was not especially high (or variable, significantly). MT concentrations were lowest at the Tywi reference site and Angle (1.1-1.2 mg g −1 dw), highest at Pennar Mouth and Lawrenny (1.5 mg g −1 dw) and were only weakly correlated to metals, Pb and Cd (r = 0.5 and 0.4, Fig. 8c ), even less so with Zn (0.33), Se (0.25), As (0.06) and Cu (0.07). The lack of significant correlations supports the notion that pollution by individual metals is not a serious concern in MH.
Total oxyradical scavenging capacity (TOSC), the other biomarker deployed, is a measure of an organism's potential to suppress oxyradical activity and considered an indicator of oxidative stress caused by a range of organic and inorganic chemicals (including PAHs, metals and other factors which cause an increase in damaging, intracellular, reactive oxygen species). The pattern of TOSC in mussel digestive gland (Fig. 8d ) was similar to CI (Fig. 8a) (Fig. 8d) . Contaminants most correlated with TOSC suppression were, in decreasing order, 1-methyl-naphthalene and benzo(a)anthracene (r = 0.7, p < 0.05), total PAH and Hg (r = 0.6, not significant), Cu and TBT(r = 0.4, not significant).
Discussion
Integrating bioaccumulation and biological response data-the way forward?
Bioaccumulation surveillance is a valuable component of environmental quality assessment, though under conditions of moderate contamination this type of monitoring alone may not provide sufficient discrimination to characterise sites. Body burdens of a number of contaminants covary, which may present difficulties in attributing cause and effect. There are also factors other than contaminants which may influence the condition of biomonitoring species; notably feeding rate, food availability and salinity. To establish cause and effect more rigorously calls for co-ordination of chemical and biological monitoring, ideally incorporating measurement of diagnostic sub-lethal effects and environmental parameters. Multivariate statistical techniques may help to tease out the relative importance of these parameters. We have attempted to illustrate the benefits of this approach by including measurements of the sample biomarkers TOSC (a measure of oxidative stress) and MT (synthesised to protect against excess intracellular metal) in MH mussels-alongside other biological (CI) and chemical variables (body burdens of metals, organotins, PAHs and PCBs). Data have been analysed using the PRIMER statistical package (Clarke and Gorley 2006) to examine the principle components responsible for site distinctiveness and to demonstrate a possible way forward for future assessment. This PCA approach enables reduction of complex multivariate data to a much simpler representation of 'similarity', i.e. which sites are most similar to, or different from, each other. Normalisation was performed on the data so that each variable has equal weighting in the final PCA ordination which reduces the location of each sample to a best-fitting 2-D or 3-D solution. A sample 2-D PCA plot for mussels is shown in Fig. 9 and represents 58.5% of the variation, while 3-D ordination captures 72.7%. There is approximately equal (positive) contribution to PC1 from each of the metals and organotins, together with (negative) contributions from some of the biometric data (weight and condition index). PC2 is dominated by eigenvectors representing PAHs (positive) and digestive gland TOSC (negative). variate space (lower plot). Clearly the 'control' site (St. Ishmael, Tywi) on the bottom-left of the lower plot, is distant from most of the MHW sites. By considering the eigenvectors, this appears largely to be due to a combination of low metals, low hydrocarbons and PCBs, high levels of digestive gland TOSC (high capacity to scavenge oxyradicals) and high biometrics (size, weight and condition index). Collectively, this indicates that mussels from the St. Ishmael reference were generally larger, in good condition, with low levels of accumulated contaminants and high capacity to cope with pollutant-induced stress.
Outer sites in Milford Haven-Dale and Angle-also separated from inner estuary sites in Fig. 9 (lower plot) . Dale is at a similar level to St. Ishmael on PC2 (hydrocarbons, PCBs and DG TOSC) but further to the right on PC1 indicating higher metal burdens and lower biometrics. In contrast, at Angle, across the waterway, there appears to be slightly less influence of metals, but much higher effect of hydrocarbons and PCBs together with a reduction in DG TOSC.
Pennar Mouth, the entrance to the Pembroke River, sits between Dale and Angle in Fig. 9 , although it shows greatest similarity with Angle, probably reflecting the influence of hydrocarbons and PCBs at this site.
The remaining inner estuary sites fall on the right-hand side of the PCA ordination (lower plot, Fig. 9 ), with an overall tendency for the most upstream sites to lie towards the bottom of the plot. The location of these sites on the right would appear to result principally from the combined accumulation of metals and organotins together with MT induction, while the vertical 'zonation' results from the components in PC2 (principally total hydrocarbons, PCBs and TOSC, although the eigenvectors show that several metals also exert influence in this direction as well).
There is a risk in 'over-analysing' PCA plots when determining the factors that best describe the similarities or differences seen between sites, since PCA is a simplification of the true multivariate data. Given these caveats, it may be regarded that overall, in Fig. 9 , there is an increasing level of contaminant impact and biological response moving from bottom-left to top right across the PCA plot. Sites closest to each other (in the PCA plot, but not necessarily geographically) are the most similar in terms of environmental quality, while, conversely, those furthest apart are most different in terms of the parameters measured in this survey.
Inevitably, there are constraints due to data limitations. One consideration for the future is to link information on bioaccumulation, biomarkers and environmental variables more closely with biological community data using this type of analysis-as a means of providing a more integrated assessment of environmental quality. This will necessitate harmonised sampling. Nevertheless, by generating temporally-and spatially-compatible datasets it is anticipated that better understanding of the principal contaminant drivers acting on the biota in Milford Haven will be achieved. It is also intended to include more detailed analysis and interpretation of PAH residues in biota in future surveys to help separate the relative importance of pyrogenic and petrogenic sources. The combination of these measures should assist environmental managers in prioritising environmental improvements.
